Abstract. This study was carried out to characterize aquifer parameters within Basement Complex rocks using electrical sounding data from the Polytechnic, Ibadan, Southwestern Nigeria. The initiative of this study was to apply electrical resistivity and statistical techniques to delineate aquifer characteristics in the study area. The vertical electrical sounding techniques were used for the investigation. Nine types of curves were observed and the A-type is dominant. This shows that the area contains more groundwater compared to similar studies in parts of the Basement Complex of Nigeria. The resistivity of top soil varied from 40 to 1000 Ω/m with a mean of 294.33 Ω/m. Geoelectrical sections showed that a maximum of five units are below the subsurface section which include the top soil, lateritic layer, clay or weathered rock and the fractured/fresh bedrock. The reflection coefficient of the points revealed that points 1 and 3 to 15 are fractured. Fractured rocks in the area have high permeability which are caused by high weathering. Five factors: aquifer thickness, depth to aquifer, hydraulic conductivity, apparent resistivity and transmissivity were used to infer aquifer characteristics in the area. The study revealed that the area have high groundwater potential. Statistical analyses were carried out using factor, hierarchical cluster and bivariate analyses. Factor analysis revealed that all the parameters studied have influence of aquifer in the study area. Cluster analysis grouped the points into five groups of similar properties within the studied aquifer.
INTRODUCTION
Water, a major source of life is required by all and sundry either in small or large quantity (Adeoti et al., 2012) . There is a high demand for portable water to meet both domestic and industrial uses (Akinrinade and Olabode, 2015) . However, meeting this demand can be a great challenge in crystalline basement complex environment where aquifers are associated with either saturated weathered basement or linear structures such as fractures and faults within the basement rock DanHassan and Olorunfemi, 1999; Adepelumi et al, 2013) . In the Basement Complex terrain, subsurface water is difficult to find because the rocks are not porous and permeable, except in areas of intensely weathered and fractured rocks. In some regions, secondary porosity develops which host the infiltrating water. At other places, the weathered overburdened layer overlying crystalline basement is thick (Alagbe, 2002) . The aquifers are not only inhomogeneous but also localized which makes characterization difficult (Ogungbemi and Oladapo, 2014) . Subterranean water is controlled by the underlying lithology. The aquifers of the Basement Complex area of Nigeria are divided into two: the weathered and the fractured basement geological formation. These may either be perched, shallow or deep depending on the geology and the depth to aquifer of the subsurface water. Compared with similar hosts in sedimentary terrains, groundwater storage in the crystalline rock is small. The failure rate of new boreholes in the hard rocks has occasionally been as high as 80% (Edet et al., 1998) . Sources of water in the region are through shallow wells in the urban areas and mostly through streams and springs in the rural communities (Mogaji et al., 2011) . This shortage is aggravated by collapse of many public water systems in most cities and increase in rural to urban migration of people. Most boreholes drilled in the area have high spate of failure rate which could be attributed to underlying complex geology and inadequate geophysical information prior to sitting and development of boreholes in the area. Besides, borehole yield is frequently low in the basement complex area during the dry season (Mogaji et al., 2011) Many studies have been carried out to ascertain subterranean water potential of the Basement Complex of Nigeria using geophysical methods (Olorunfemi et al., 1985; Olorunfemi and Oloruniwo 1985; Okwueze, 1996; Olayinka et al., 1999; Olayinka et al., 1999; Olorunfemi et al., 1999; Ako et al., 2005; Olatunji et al., 2005; Ekwe et al., 2006; Alile et al, 2011; Akinbiyi and Abudulawal, 2012; Adepelumi et al, 2013; Odong, 2013; Oloruntola and Adeyemi, 2014; Akinrinade and Olabode, 2015) . Some scientific methods now use internationally for searching for groundwater is remote sensing and electrical resistivity techniques. Of these two methods, geophysical technique is most commonly used, each are combined to explore for groundwater.
Electrical resistivity method is the most useful technique in groundwater exploration (Alile et al., 2011) . The method allows a quantitative result to be received by using a controlled source of particular dimensions. Research revealed that depths of aquifers differ from locations caused by variation in geothermal and geo-structural occurrence (Okwueze, 1996) . Akinbiyi and Abudulawal (2012) carried out the geophysical investigations of parts of the Polytechnic Ibadan, where they found that ground occurrence in the area are moderate to high. However, the initiative of this study is to apply electrical resistivity techniques to delineate aquifer characteristics in the Polytechnic, Ibadan on the Basement Complex area of southwest Nigeria. In most studies where electrical resistivity has been used for delineating aquifer characteristics, borehole drilling were used to correlate the results (Yusuf et al., 2012; Ale et al., 2015) . In this study we present statistical method as alternative tool to determine the relationships between data obtained from electrical conductivity surveys that is use to determine aquifer parameters in areas underlain by Basement Complex rocks. This will help in grouping the aquifer"s parameters based on their inter-relationship and influence on groundwater within crystalline rock terrains.
Electrical Resistivity Method
In electrical resistivity methods, an electric current is passed into the ground through electrodes (C 1 and C 2 ). The resulting difference is measured by using another two electrodes (P 1 and P 2 ) as illustrated by Schlumberger (Figure 2 ) (Olasehinde et al., 2015) and Wenner arrays (Telford et al., 2001; Virba, 1999; Selemo et al., 1995) . While the electrode spacing is progressively increased, the center part of the electrode array is fixed (Olasehinde and Taiwo, 2000; Oteze, 1989 , Schwarz, 1986 . If small electrode spacing is used, the current electrode spacing is nearly equivalent to resistivity of the surface materials (Olasehinde et al., 2015) . As the current electrode spacing is increased, the current penetrates deeper into the ground. Therefore, the apparent resistivity reflects the resistivity of the deeper layers (Olarenwaju et al., 1996; Olasehinde and Awojobi, 2004; Olugboye, 2008; (Olasehinde et al., 2015) .
Properties of Aquifer
The saturated zone beneath the water table is called an aquifer, and aquifers are huge storehouses of water (USGS, 2016) . Rock types as sandstone, conglomerate, fractured limestone and unconsolidated sand and gravel. Fractured volcanic rocks such as columnar basalts also make good aquifers. Rocks such as granite and schist are generally poor aquifers because they have a very low porosity. However, if these rocks are highly fractured, they make good aquifers (IMNH, 2016) . Aquifers are classified in terms of their structure, hydraulic performance, texture, lithology, and the mobility of their water (Artinaid, 2013) . Where pumping test may not use, geophysical investigations may bridge the gap in providing information about aquifers in any area. To effectively characterize aquifer in an area using geophysical methods, the following fundamental parameters must be known. They are transmissivity, depth to aquifer, hydraulic conductivity and storativity.
Transmissivity is an important hydraulic property of aquifer and water bearing materials (Krasny, 1993) . Knowledge of transmissivity distribution helps us to draw important conclusions from hydrogeological studies (Krasny, 1993) . They provide basis for future groundwater exploration, development, abstraction, and protection (Krasny, 1993) . Hydraulic conductivity is the overall ability of water to flow through a geologic material, accounting for all openings in the material. The term "hydraulic conductivity" and permeability are used interchangeably in some text (EPA, 2016) .
MATERIALS AND METHODS

Study Area
The study took place at the premises of the Polytechnic, Ibadan, Oyo State, Nigeria on longitude of 4 o 14´41.24´´E and latitude of 8 o 7´31.5´´N, within the southwestern part of the Basement Complex region. The area is well drained by river with tributaries jointly forming a dendritic drainage pattern. Accessibility of the area is best described with its road network, (Fig. 1) within an undulating topography. The elevation varies between three hundred and twenty meters and three hundred and fifty meters above mean sea level, with a mean of three hundred and forty-six meters.
The area is located in a typical tropical climate with temperature between twenty-four and twentyfive degree Celsius, high relative humidity and two rainfall maximums during the rainfall period of March to October. Rainfall varies from an average of 1200 millimeter to 1800 millimeter at its peak between 800 millimeter and 1500 millimeter. The domain of study is part of the Basement Complex of southwestern Nigeria that consists of these rocks: quartzite, quartz-biotite schist, biotite schist and banded gneiss (Fig. 1) termed "older granite" by (Rahaman, 1988) .
Fig. 1: Location, Accessibility and Geologic Map of the Area of Interest
Two types of quartzites are recognized: the massive quartzite and schistose quartzite. Structures found on the quartzite include foliation, schist and schistosity. The schistose quartzite consists of micas, chlorite, talc and quartz. The quartz biotite schist is coarse-grained and gray. Quartz, biotite and muscovite are the prominent minerals present in them. Fractures are the dominant structure on this rock. The biotite schist contains quartz and biotite and the major structures include foliation and micro-folds. The banded gneiss mineralogically contains quartz, muscovite and feldspar. Banding, micro-folds and fractures are the major structures found within this area. Tectonic deformation in the area produced folding that affected the quartz schist in the area. 
Geophysical Field Mapping Technique
The electrical resistivity (Vertical Electrical Sounding) method was used for this study. Fifteen (15) sounding points were selected. The method involves the passage of electric current (using D.C. or low frequency A.C. current) into the subsurface, through two electrodes (the current electrodes). Resistivity of subsurface layer is determined from ground apparent resistivity is computed from the measurement of current and potential difference between the electrodes pair placed at the surface. The Schlumberger arrangement was employed ( Fig. 2) for this study. Schlumberger electrode array uses four electrodes system arranged linearly with several interelectrode spacing. The electrodes are arranged such that the distance AB between the current electrodes is greater or equal to five times the distance MN, between the potential electrodes. The potential electrodes are fixed about the data station in which the current electrodes are spread until the required highest separation is reached.
Where C = Current and P = Potential
Data Processing
The qualitative interpretation of VES data involves the visual inspection of curve types (Fig. 3) . Quantitative interpretation of VES data includes the determination of the number of layers constituted by the curves, separate layer resistivity and thickness.
The procedures for the quantitative interpretation are the partial curve matching (auxiliary point method) and direct interpretation. In partial curve matching two and three layer curves are used with one or more of the charts that constitute the families of auxiliary curves. In direct interpretation of the VES curve with layer thickness and resistivity is carried out with aid of computer programs without early geoelectric sections. For this study, partial curve matching method was adopted where sounding curve was superimposed on the master curve. The point of intersection of the master curves was marked on field curve tracing paper as X 1 . The coordinate X 1 on the log-log graph paper gave 1 and h1, the resistivity and thickness of the first layer. The value K of the master curves, which corresponded to the first segment of the field curve, is K 1 the reflection coefficient at the interface between the first and the second layers (Keller and Frischknecht, 1996) . The auxiliary curve with the reflection coefficient value of K 1 was drawn on the field curve in broken lines with the axes kept parallel. The next segment of the field curve was checked with two layer master curves of best fit. When the best fit was found, the point of intersection of the master curves was marked as X 2 . The coordinates of X 2 on the log-log graph paper gave the replacement resistivity and thickness of the third layer. The resistivity and thickness of the second layer was calculated using (III) and (IV)
Where D n /Dr 1 is the depth index read off the auxiliary curve by placing X 1 at the origin of the auxiliary curves and tracing X 2 parallel to the two auxiliaries bordering it. For the four layers, the last segment of the curve was matched with master curves and X 3 marked, as done previously K 3 :h 3 r and are read off. The layer resistivity is calculated using the second depth index derived from the auxiliary curve graph using X 2 and X 3 as done previously; thus:
WinRESIST Version 1.0 (Vander-Velpen, 2004 ), based on smoothness constrained optimization technique, was used to refine the geoelectric features induced from manual interpretation of each VES data. A particular model was considered acceptable to Barker et al (1992) at 10% error level was used. 
RESULTS AND DISCUSSIONS
Geophysical Parameters
The sounding curves of the study area varied from 2 to 3. Nine types of curves were observed (Table 1) in the study area. The A-type is the dominant curve is 26.67%, followed by HA (20%) and HQ (13.33%). A HKA, KA, AQ, K, H, and Q curve corresponds to 6.67% respectively. The H-type curve is a common type of curve in this type of geological terrain (Olorunfemi and Oloruniwo, 1985) . The intermediate layer in the H-curve is usually characterized by low resistivity made of clayey or sandy clay and is often water saturated and highly porous (Oloruntola and Adeyemi, 2014) . The HA type consists of the topsoil, clay and sand regolith overlying a weathered fractured rock (Oloruntola and Adeyemi, 2014) . Four geologic layers were identified in the study area and they include the topsoil, clay, weathered basement, fractured basement/fresh basement (Figs. 4 and 5) . (Badmus and Olatinusu, 2012; Oladujoye et al., 2013; Akinrinade and Olabode, 2015) . The dominance of the A-type curve shows that most of the aquifers in the area may be highly productive. 
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Fig. 6: Geo-Electric and Inferred Geologic Sections for VES 11 to 15
Geoelectrical Sections
The results of the interpreted VES curves were used to generate geoelectric sections (Figs. 4 -6; Table 2 ) along VES 1-5 (A-A"), VES 6-10 (B-B") and VES 11-15 (C-C") to show the vertical distribution of resistivity within the subsurface in the study area. The sections consist of sequence of uniform horizontal (or slightly inclined) layers (horizons). Each layer (horizon) in the geo-electrical section may be characterized by its thickness and true resistivity. The strikes for all the traverse is NW-SE. The geoelectric sections show vertical variations in layer resistivity, a revelation of the vertical facie changes. The utmost of five subsurface geoelectric units were delineated beneath these sections. These include the topsoil, the lateritic layer, the clay/weathered rock, and the fractured/fresh bedrock.
The topsoil is made of, sandy clay, sand, or gravel above the water table; therefore it"s widely of varying resistivity. Layer resistivity and thickness values range respectively from 40 to 1000 Ωm with a depth 0.75 to 1.4 m. This showed that the layer has a medium aquifer potential (Olayinka et al., 2007) . The topsoil is underlain by a second layer of weathered basement in the sounding stations of the investigated area. This layer has resistivity values from 111.7 to 400.1 Ωm and thickness values from 1.15 to 12.5 m. This revealed that weathered layers in the area have high aquifer potential (Olayinka et al., 2007) . The second layer is underlain by a third layer of fractured basement. This layer has resistivity values from 111 to 800 Ωm and thickness values from 2.60 to 20.30 m. This revealed that the fractured layers in the area have medium to high aquifer potential (Olayinka et al., 2007) . The last layer that forms the bedrock is highly resistive in most places. The bedrock resistivity values vary from 311.6 to 2200 Ωm. Study shows that the resistivity value of fresh bedrock often exceeds 1000 Ωm. Where it is fractured/sheared and saturated with fresh water, the resistivity often reduces below 1000 Ωm (Olayinka and others, 1999) . The depth to this bottom layer varies across the profiles from 1.8 to 18.5 m. The overall evaluation of these layers showed that the weathered and fractured basement layers are the most promising aquiferous layers in the area.
Reflection coefficient was used to determine if the bedrock in the area is fractured or not. Reflection coefficient defines the nature of the basement rock whether it is fractured or fresh. The formula for two layers case is expressed as: (vi) The results of the reflection coefficient for all the VES points are presented in Table III . From the values of reflection coefficient for the VES locations, VES point 2 have value greater than 0.8 meaning that the rock is fresh and fractured. The situation differs from other VES (1, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15) points which have K values fewer than 0.8 indicating they are fractured. The groundwater is high and has a high yield (Akinbiyi and Abudulawal, 2012). 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 14 . This is equal to 8. 0% of the total VES VES 11, 12 and 13. This is equal to 20% of the total VES Nil Nil Figure 1 and Table 4 show the spatial map for aquifer thickness in the study area. VES 15 (21.00m) have the highest aquifer thickness and VES 6 (1.2m) has the least. This implies that more groundwater is expected to accumulate in VES 15 and the least groundwater accumulation is expected in VES 6. Compared with the published works of Ijeh and Onu, 2012; Odong, 2013 and Ekwe et al., 2006 the mean depth to aquifer in the study area is very low (Table 5 ). The implication of this is that groundwater accumulation will be lower compared to the areas covered by the aforementioned studies. Figure 8 and Table 4 show the spatial map for depth to aquifer in the study area. The depth to aquifer is greatest in VES15 (21.85m) and least in VES1 (2.6m). The implication of this is that groundwater level in VES15 will higher than in VES 1. The mean aquifer thickness in the study area is low compared with that obtained by Ijeh and Onu, 2012; Odong, 2013 and Ekwe et al., 2006 (Table 5 ). This means that the amount of groundwater that the aquiferous unit will hold will be lesser compared to those in the published works. Figure 9 and Table 4 show the spatial map for hydraulic conductivity in the study area. Hydraulic conductivity of aquifer is highest in VES12 (17.07m/s) and lowest in VES5 (0.12m/s).
CHARACTERISTICS OF AQUIFER IN THE STUDY AREA
AQUIFER THICKNESS
DEPTH TO AQUIFER
HYDRAULIC CONDUCTIVITY OF AQUIFER
(vii)
Where ρ equals the apparent resistivity of the rock (Abudullahi and et al., 2001; Odong, 2013) . This means that aquifers in VES 12 are more porous and will allow easy flow of groundwater than VES 5 which will allow least groundwater flow in the area.
When compared to the aforementioned works, it is observed that mean hydraulic conductivity in the area is higher than that reported by Odong, 2003 and Ijeh and Onu, 2012 , while it is lower than reported by Ekwe et al., 2006 (Table 5 ). Figure 10 and Table 4 show the spatial map for apparent resistivity of aquifer in the study area. Apparent resistivity of aquifers is greatest in VES12 (800Ω/m) and least in VES5 (111Ω/m). This shows that VES 12 contains more resistive rocks than VES 5. This shows that VES 12 may contain less groundwater than VES 5. Compared to relevant studies across Nigeria mentioned earlier, aquifers in the area have least resistive rocks (possibly because they are highly fractured) when compared to those studied by Ekwe et al., 2006 and Ijeh and Onu, 2012 but higher than the one reported by Odong, 2013. Figure 11 and Table 4 show the spatial map for aquifer transmissivity in the study area. Transmissivity of an aquifer is calculated using equation ( ) and b = aquifer thicknesses. The transmissivity of aquifer in the study area shows that groundwater occurrence is moderate to high (Abudullahi et al., 2001; Odong, 2013) .
APPARENT RESISTIVITY OF AQUIFER
TRANSMISSIVITY OF AQUIFER
AQUIFER POTENTIAL OF THE STUDY AREA
According to Olayinka et al. (2007) , areas with saprolite having resistivity lesser than 750 Ω/m have high permeability and high aquifer potential. Table 6 shows that 80% of all the VES points in the study area have resistivity less than the 750 Ω/m. This means that these fractured rocks in the area have high permeability which is caused by high weathering. 20% of the VES points are greater than the 750 Ω/m which implies they have reduced influence of weathering. 
FACTOR ANALYSIS
Factor analysis from components matrix analysis reveals that all parameters for used for aquifer characterization in the study area all have a strong but varied influence on groundwater. Two components were extracted using the Principal Component Analysis (PCA) ( Table 7 ). In the first component, transmissivity of the aquifer has the highest influence on aquifers in the area (0.973) followed by the aquifer thickness (0.924). Depth to aquifer is the third most influential factor controlling aquifers in the study area (0.865), followed by hydraulic conductivity of the aquiferous units (0.646). The least factor affecting the aquifers in the study area is apparent resistivity. In factor 2, apparent resistivity (0.618) and hydraulic conductivity (0.601) accounts for the most influential parameters. Rotated matrix of these parameters also reveals two components (Table 8) . In component 1, depth to aquifer (0.967), aquifer thickness (0.956) and transmissivity (0.851) are the most important factors affecting aquifers in the study area. In component two, hydraulic conductivity (0.854) and apparent resistivity (0.854) are the most influential.
HIERARCHICAL CLUSTER ANALYSIS
It was carried out to decide the pattern of relationship among aquifers in the study area. Five clusters were found from the hierarchical analysis (Fig. 12) . The result (Table 9) shows that VES 1, 2, 3 and 7 are associated to one each other and are in group 1. Group two consist of VES 4, 6, 9, 12 and 13, while group three consist of VES 5, 8, 10 and 15. Group four consist VES 14, while VES 11 is in group five. VES 14 and 15 may have be singly grouped because they might have link with other aquifers that the study area does not cover. It implies all VES points in the same group have some properties in common. 
BIVARIATE CORRELATION
Correlation analysis was carried out to decide relationships among aquifer parameters studied. Table  9 revealed that there is a strong positive relationship among depths to aquifer and the aquifer thicknesses in the area (r = 0.919). It shows that a strong positive link among between hydraulic conductivity and apparent resistivity of aquifers in the study area (r = 0.944). The result shows that there is strong positive link among apparent resistivity and hydraulic conductivity (r = 0.824 and 0.866 respectively).
CONCLUSIONS
Aquifer characterization of Basement Complex terrain in the Polytechnic, Ibadan, southwestern Nigeria was carried out using electrical resistivity method. The results revealed that the weathered and fractured basement in the area forms the aquifer's units. Eighty percent of the aquifers in this area have high groundwater potential. The remaining 20% have medium groundwater potential. Five parameters studied revealed that the groundwater occurs moderately in the area. Statistical analyzes reveal that all these five factors (depth to aquifer, thickness, apparent resistivity, hydraulic conductivity and transmissivity) have influence on the aquifer character in the study area. The study shows that if applied electrical resistivity and statistical approach may be combined and used to characterize aquifer's properties in an area. 
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